We present an introductory review of the latest advancements cold Rydberg atom research. First, we briefly summarize the exaggerated properties of Rydberg atoms, and we discuss the new perspectives of Rydberg atom research that has been enabled by laser cooling and trapping technique. We then highlight the latest developments and achievements in the newly emerged research fields for Rydberg molecules and cold neutral plasmas. Various applications of the Rydberg blockade effect for quantum optics and quantum information science are also reviewed.
I. INTRODUCTION
Rydberg atoms are atoms in their highly excited energy states [1] [2] [3] . The study of Rydberg atoms has a long history in physics, dating back to more than a century ago when the high-lying energy levels of hydrogen in the Balmer series were first studied in atomic spectroscopy to become the experimental ground for the Bohr's atom modeling [4, 5] . Helped by the gradual development of sophisticated experimental techniques in high-resolution absorption spectroscopy, the bizarre nature of Rydberg atoms has become uncovered piece by piece and has drawn keen interest ever since. The physical properties of Rydberg atoms are particularly important in the presence of external fields [6, 7] or during the collision or ionization process, and their extreme properties have been under intense investigation [8] [9] [10] .
Research involved with Rydberg atoms has real applications: One of the examples is found in astrophysics [11, 12] , where radio and microwave frequency transitions of Rydberg states correspond to radiative recombination of low-energy electrons and ions in interstellar media. Another application based on the dynamics of Rydberg atoms, which can be extremely slow with respect to the time resolution of ultrafast laser spectroscopy and has been used to unveil the link between the stationary description of quantum wave functions and the classical orbiting dynamics of electron wave-packets around atomic ions [13] [14] [15] . Furthermore, the lately applauded by the Nobel physics prize in 2012, the long-lifetime and huge electric dipole moment of Rydberg atoms in a high-Q resonant cavity led to the counting emitted microwave photons, allowing the quantum non-demolition photon * E-mail: jwahn@kaist.ac.kr; Fax: +82- 42-350-2510 state measurements [16, 17] .
In the context of the subject for which this review article was prepared, cold Rydberg atom research is based on the technique of laser cooling and trapping of atoms. With the advent of technology of laser cooling and trapping of atoms [18, 19] , a new perspective for Rydberg atom research has become enabled. Within a cold atomic vapor, the kinetic motions of atomic nuclei are almost frozen during the long radiative lifetime of Rydberg states, and hence the fascinating features of strong interactions between Rydberg atoms can be directly observed experimentally. First, many-body effects on resonant dipole-dipole energy transfer resulted in diffused excitation line profiles in the temperature region where atoms are cooled to an energy neraly to their thermal energy [20, 21] . Cold Rydberg atom clouds have also been found spontaneously to transform into an ultracold plasma state, where strikingly the translationallybound cloud of cold ions trapped electrons to further ionize other Rydberg atoms to make the as-formed plasma further expand [22] . More recently, the strong coupling between a pair of Rydberg atoms or between a Rydberg atom and a ground state atom manifests itself in the formation of an exotic molecular state with a mesoscopic intermolecular distance [23] [24] [25] [26] [27] .
The Rydberg atom dipole blockade or the inhibition of multiple Rydberg excitation is of particular importance in quantum optics and quantum information [28] . In recent experiments, strong interaction has been observed to appear between a pair of trapped atoms when they are excited to a Rydberg state within the dense atomic vapor region. This paired-atom interaction in the dipole blockade is often used to implement two-qubit entangled quantum gates [29] . A large experimental effort is nowadays being devoted to further extend the applicability of Rydberg dipole blockade in various research fields including non-classical state engineering, quantum nonlinear optics, quantum error correction, quantum communication, and quantum computing [30] . For the implementation of scalable quantum information processor, various experimental platforms for Rydberg atom spatial configuration are under consideration, which include, for example, spatially-ordered Rydberg atoms in large-spacing optical lattices, or magnetic trap arrays [31] [32] [33] .
Another entrancing observation may be the discovery of collective quantum states in an ensemble of cold atoms excited into Rydberg states [34] . The strongly-correlated many-body states, in which Rydberg excitations were coherently distributed among all atoms, formed a crystalline spatial distribution of collective excitation. The laser-excited two-dimensional Rydberg atomic Mott insulator phase was directly imaged by using a highresolution in situ Rydberg atom imaging system.
In this review article, we provide an introductory overview of the most important topics in this fast evolving young research field of cold Rydberg atoms. We intend to summarize each topic with a brief description of the fundamental principle and with the most up-to-date experimental demonstrations. However, we need to mention that a number of seminal review articles on various specific topics such as Rydberg atoms in external fields [7] , Rydberg atom interactions [35, 36] , quantum information application of Rydberg atoms [30] , and ultra-cold plasmas [37] already exist. Still, the reason we prepared another review article on cold Rydberg atoms was in part because the development speed of this fast-growing research field allowed another up-to-date worthwhile review article and in part because this invited article was prepared as part of the special topical edition of articles on cold atoms and molecule research in the Journal of the Korean Physical Society.
The paper is structured such that Sect. II provides the basic scaling properties of Rydberg atoms as a function of the principal quantum number n, and Sect. III briefly describes the experimental procedure of producing Rydberg atoms. In Sects. IV and V, we discuss the principles and the experimental achievements related with Rydberg molecules and ultra-cold neutral plasmas, respectively. After describing the principles of the Rydberg atomic dipole blockade in Sect. VI, we discuss the basic ideas and prospects of various Rydberg atom-based quantum information processing proposals and realizations in Sect. VII. We conclude by discussing some possible future directions of this fast-growing young research field.
II. PROPERTIES OF RYDBERG ATOMS
The physical properties of Rydberg atoms are well described in monographs, for example, in Ref. 1 . Briefly to summarize, Rydberg atoms exhibit incredibly exaggerated features compared to those of conventional atoms in their ground state or in their first few excited energy states. Due to the huge size of these atoms, which scales as n 2 , where n is the principal quantum number, the dipole moment, for example, scales as µ n ∝ n 2 , and the radiative lifetime scales as n 3 (l + 1/2) 2 , where l is the angular quantum number. The physical properties, which are proportional to the area of the atomic orbit, such as the geometric cross section and diamagnetic energy shifts, therefore scale as n 4 . For a Rydberg atom with n = 50, therefore, the atom size approaches the typical size of a bacteria of 1 µm, and the radiative lifetime extends to near 100 µs. A few frequently used physical properties of the rubidium atom in the 50p state are estimated in Table 1 to summarize the scaling properties of Rydberg atoms. Recent measurements of the Rydberg state lifetimes carried out in cold rubidium Rydberg atom in a magneto optical trap (MOT) reported 64 µs for 60p 3/2 , which extended the earlier thermal sample measurements, that had been limited below n ≈ 20 by avoiding the finite-detection-volume and collision-depopulation effects [38] [39] [40] .
Rydberg energy states of alkali-metal atoms are well described by the Bohr atom picture of a valence electron orbiting around a positively-charged atomic core. As the atomic core is screened by core electrons, an empirical formula for the binding energy is given by
where Ry is the Rydberg constant, E ∞ is the ionization energy limit, δ n,l,j is the so-called quantum defect [41, 42] , which describe the discrepancy of a Rydberg atomic state from that of a hydrogen atom, and j is the total angular quantum number. Thus, the binding energy scales as n −2 , to be more precise as (n * ) −2 , where n * = n − δ n,l,j . Then, the energy difference between adjacent n states scales as ∆ n ∝ n −3 , so, the polarizability given by α 0 ∝ µ 2 /∆ scales as n 7 . Traditionally, accurate measurements of the polarizability of Rydberg atoms are hindered by thermal collisions, but recent measurements carried out in a cesium MOT have produced a scaling law of the polarizability of Rydberg atoms up to n = 50, where the strong long-range interaction between Rydberg atoms of scaling in n 11 started to play a role [43] [44] [45] . In the presence of external fields, the properties of Rydberg atoms show striking sensitive responses [7] . As the binding energy of a Rydberg atom is small, even a moderately-low electric field causes valence electrons to escape easily over the Coulomb potential barrier [46] . The classical ionization field, denoted by F , is obtained at the saddle point condition of the Stark-Coulomb potential given by
in atomic units, which is about 50 V/cm for n = 50, without considering linear Stark energy level shift [1] . On the other hand, when the Stark shift is included, the result in Eq. (2) is changed to F = 1/9n 4 . When the Stark energy levels shift so severely that different n energy levels experience avoided-crossings, which occurs for an ac electric field of F > 1/3n
5 , a different kind of ionization occurs, for example, multi-photon ionization by microwave fields [47] . The effects of magnetic fields on Rydberg atoms are highlighted by the presence of quasi-Landau resonances above the ionization limit which shows a series of sharp resonances at frequency intervals of 3ω c /2, where ω c = eB/mc is the electron cyclotron frequency [48] . Recently, magnetic trapping of cold Rydberg atoms has revealed collective oscillations of cold atoms, showing extremely long Rydberg gas lifetimes of up to 200 ms [49, 50] .
III. EXPERIMENTAL REALIZATIONS
The production of cold Rydberg atoms typically starts with laser cooling and trapping of neutral atoms. There are many good reference books and articles for the method of laser cooling and trapping of atoms [18, 19] . In a MOT with a configuration of three pairs of counterpropagating laser beams and magnetic fields, as many as 10 9 atoms can be cooled to a temperature below mK and can be spatially confined at a atom density of 10
For a rubidium system, a trapping laser, typically a narrowband diode laser at 780 nm, red-detuned by about the natural linewidth from the cooling transition 5s 1/2 (F=2) → 5p 3/2 (F'=3), while being frequencystabilized with respect to the saturation absorption spectrum of a reference rubidium, is used. Also, a re-pump laser, a narrowband diode laser, drives a re-pumping transition, 5s 1/2 (F=1) → 5p 3/2 (F'=2), to achieve a twolevel system consisting of 5s 1/2 (F=2) and 5p 3/2 (F'=3) hyperfine energy levels. Then, with the trapped atomic cloud in a volume of 1 mm 3 in the MOT, Rydberg atoms are created. First, the trapping laser is tuned to the resonant frequency of the two-level system, and the atoms prepared in 5p 3/2 (F'=3) are then excited to one of the Rydberg energy levels of rubidium by using a Rydberg excitation laser. After the Rydberg excitation laser is switched on for a time period of about 20 µs within the Rydberg atom's lifetime to accumulate Rydberg atoms, the Rydberg excitation laser is then switched off and the trapping laser is reset to the trapping laser's frequency. The detection of the Rydberg atoms is carried out by field ionization by applying the ionization electric field of the Rydberg atoms to the parallel plates across the atom cloud [20, 21] .
Most of the reported Rydberg atom-related experiments have been carried out in MOT systems described in the previous paragraph. However, in more recent experiments, in particular, those designed for the study of Rydberg atom interactions, single-atom monitoring capability has become essential, so different types of experimental environments for Rydberg atom research are considered. As an example, Fig. 1 shows the experimental geometry of the Rydberg atom pair interaction experiments in far-off-resonance optical traps (FORTs) [51] . In the FORTs setup, the dipole blockade effect between two Rydberg atoms is studied, where two infrared beams of moderate laser power are focused to spatially adjacent sites of 10 µm apart from each other so that a few mKdeep potential wells are formed at the foci with a focused radius of a few µm in each individual beam. After being initially loaded and cooled in the MOT, the atoms are captured in FORT sites, and the trap and repump beams are turned off to remove the atoms untrapped in the FORTs. Then, within the lifetime of FORT loading, various experiments can be performed, e.g., experiments on the Rydberg dipole blockade interaction [29] and Rydberg quantum gate implementation [52] , where the light scattered off the trapped atoms is collected through a high-numerical-aperture lens onto the screen of a sensitive charge-coupled-device (CCD) camera for site-specific image detection of single atoms.
IV. RYDBERG MOLECULES
Rydberg atoms have enormous polarizability that scales as n 7 , which results in discovery of new kinds of exotic molecules. These Rydberg molecules are different from the conventional Rydberg molecules or the molecules in high-energy Rydberg states which are often studied in zero-kinetic energy photoelectron spectroscopy. These new kinds of Rydberg molecules can be created in laser cooled atomic vapors by photo-assisted chemical bonding between Rydberg atoms and groundstate atoms [24] .
Rydberg atoms can have large permanent and induced dipole moments, so they are strongly influenced by van der Waals and dipole interactions, respectively. The interaction between Rydberg atoms is largely determined by Coulomb interactions, along with higher-order corrections, aside from the chemical exchange overlap interaction acting only over extremely-short distances of less than a few nm. Thus, the electric potential of molecular states as a function of the inter-atomic distance R can be given by
where D e is the dissociation energy and C n are the coupling constants. When permanent electric dipole moments are present, the dominant dipole-dipole coupling contribution turns out to be the C 3 /R 3 term and the C 3 coefficient is proportional to the square of the dipole matrix element. However, when the permanent dipole moments are not present, for example, in the homonuclear molecular ground states, the leading contribution in an asymptotically approaching ns+ns bi-atomic ground state at long range becomes C 6 /R 6 . Hence, the van der Waals energy or the interaction between induced dipoles dominates at long range. In this case, the dispersion coefficient is given by
2 /∆, which scales as n 11 , where ∆ is the aforementioned energy difference between adjacent energy levels.
The strong interaction between Rydberg atoms was observed first in Rydberg dipole blockage experiments [52, 53] and later more clearly in long-range Rydberg molecular resonance experiments. In the latter, molecular resonance features were found in the excitation spectra of ultra-cold atoms of rubidium and cesium in their Rydberg states [54, 55] . Also, when an atom in a Rydberg state interacts with a nearby ground state atom or molecule, Rydberg macro-molecules can be formed, being bound together at large distances of thousands of Bohr radii. In this case, the governing interaction can be derived from simple electron scattering off the ground-state species, and, because the electron kinetic energy is so low, the electron scattering is primarily swave. Therefore, the main physics can be manifested by the s-wave scattering length. Recent studies have shown that a low-energy Rydberg electron interacting via the zero-range Fermi pseudo-potential with a nearby atom could have a negative scattering length and bind into ultra-long-range Rydberg molecular states [23] .
Furthermore, for Rydberg atoms with low orbital angular momenta, Rydberg molecules were predicted to form in their triplet states 3 Σ(5s − ns) of Rb 2 , where n = 35 − 37, and these Rydberg molecules have been experimentally observed with 20-µs molecular lifetimes [24] . These Rydberg molecules are often called "butterfly molecules" due to their shape (see Fig. 2(a) [25] ). On the other hand, for Rydberg atoms with high-angularmomentum quasi-degenerate energy states, the Rydberg electron interaction with the core electrons works as an energy shift of the Rydberg states from their unperturbed hydrogenic energy levels, and the deep hydrogenic potentials can result in more bound vibrational states. Under this given senarario, a second class of Rydberg molecules, often referred to as "trilobite molecules" (see Fig. 2(b) ), is predicted. These molecules possess permanent electric dipole moments given by µ = R − n 2 /2 (atomic unit), albeit the fact that they are homonuclear diatomic molecules [26] .
Another kind of, and even more exotic, Rydberg molecule exists when the ground-state atom in the previous Rydberg molecules is replaced by a polar molecule. This type of molecules is predicted to be formed when with an ultra-cold neutral plasma. The ultra-cold neutral plasma enables strongly-coupled (Γ > 1) ion research in previously unchartered temperature and density ranges [37] .
Rydberg atoms interact with polar molecules. These are macro-polyatomic molecules formed under an ultracold temperature environment and possible candidates for the polamolecules are KRb's and deuterated hydroxyl (OD)'s. As these giant molecules are involved with an anisotropic charge-dipole interaction that scales as extremely long-ranged 1/R 2 , they are polarized being as a dipole in a double-well energy potential [27] .
V. ULTRA-COLD NEUTRAL PLASMAS
Ultra-cold neutral plasmas are created in the environment of a cold atomic vapor in conjunction with laser ionization [56] . Particular interest has been drawn from the scientific community because ultra-cold neutral plasmas are characterized by their occupying an exotic research regime of plasma physics [22, 56] . As illustrated in Fig. 3 , the ultra-cold neutral plasmas differ from other plasma sources: They are extremely dilute, ρ = 10 6−10 cm 3 , but they still satisfy the strong coupling condition because they have a cold temperature below mK [37] . In the strong-coupling region, or
where a is the Wigner-Seitz radius characterizing the particle separation in a plasma [57] , the Coulomb interaction energy between particles exceeds the average kinetic energy. Under these interaction and kinetic energy conditions, collective dynamics can emerge as a result of the presence of a spatial correlation of the plasma [58] . In particular, the low density of the ultra-cold plasma facilitates an extremely slow characteristic time scale, so transient plasma phenomena have been observed. They include plasma formation and expansion [59] , recombination to Rydberg atoms [22] , collective plasma-wave propagations, and plasma instabilities [60] . Ultra-cold neutral plasmas are created either by using a photo-ionization process of cold atoms or by using a photo-excitation process of the cold Rydberg state atoms. Electrons liberated by subsequent inelastic collisions or blackbody radiation are trapped by the resulting positive background charges to form a plasma in an admixture of electrons in temperatures from 1 to 1000 K and ions at 1 K [37] . Ultra-cold neutral plasmas have been experimentally created by many research groups: The tested atomic species to be formed into ultra-cold neutral plasmas include xenon, strontium, calcium, rubidium, cesium, and even rubidium BEC [22, [61] [62] [63] [64] [65] .
The plasma formation and expansion dynamics are divided into three distinct phases: In the first phase, cold atoms are photoionized, and the photoliberated energetic electrons quickly escape from the atoms within 10 ns. Following the fast event, more electrons are ionized from Rydberg atoms via blackbody radiation and start to leave the atomic cloud slowly in a 1 µs time scale. However, in the second phase, the electrons are trapped in a huge attractive Coulomb potential formed by the background ions, and an avalanche process of ionization occurs until an equilibrium state of ions is formed. This process takes place on a time scale of 10 µs, which is equivalent to the inverse of the ion plasma frequency. Lastly, the as-formed plasma slowly expands until the so-called hydrodynamic time-scale elapses. The hydrodynamics time is given by
where T e is the electron temperature and σ is the size of the plasma, which is over 100 µm in a typical ultra-cold neutral plasma. In the ultra-cold neutral plasma, one can observe various collective oscillations. The first one is the electron plasma oscillation, known as the Tonks-Langmuir mode, which represents an electron density oscillation in a quasi-neutral plasma or metals. Its frequency is described, when the thermal motion of the electrons is ignored, by ω T L given by
where n e is the electron density, 0 the vacuum permittivity, and m e the electron mass. This mode can be resonantly excited by using a radio frequency electric field that pumps energy into the plasma and further increases the plasma temperature. The phenomenon has been observed in early experiments of electron plasma oscillation measurements. In that, the resonant frequency of the electron plasma oscillation was shifted to lower frequency as the plasma expansion progressed [59] . When the thermal effect becomes important in an inhomogeneous electron distribution of plasmas, another electron density wave known as the Tonks-Dattner mode, whose frequency ω T D is given by
where k(r) is the local wavenumber, was predicted and also observed experimentally [66, 67] . There also exist electrostatic waves of longitudinal ion density oscillations, which, long with Langmuir oscillations, are considered to be fundamental waves in plasma physics. In a hydrodynamic approximation in which ions are assumed to move slowly and the electron density is assumed to be isothermally uniform, it is predicted that the dispersion relation for the ion density oscillation is given by
where λ D is the Debye screening length, and k is the wave vector. Recent experiments adopting a technique of initial density shaping of a periodic modulation in an ultracold neutral plasma has reported ion acoustic wave excitations and even electron correlation effects on collective ion oscillations [68, 69] .
VI. RYDBERG ATOM DIPOLE BLOCKADE
When two atoms interact strongly with each other, their simultaneous excitation to the same Rydberg state by an instant driving field may be forbidden, because the presence of the first atom excitation to the Rydberg state detunes the Rydberg energy level of the second atom [44, 45] . This phenomenon is known as Rydberg atom dipole blockade of excitation, and was proposed in a decade ago for quantum information processing with neutral atoms [28, 70] . As an elementary building block of quantum information processing circuits, the dependence of a conditional excitation of a qubit on the other qubit's energy state allows the two-bit logical operation known as C-NOT [71] .
To explain the principle of Rydberg atom dipole blockade, as shown in Fig. 4 , we consider two atoms separated by a distance R and both in the ground state, i.e., |g, g . When one of the two atoms is excited to a Rydberg state, i.e., |r, g , the excitation to the same Rydberg state, i.e., |r, r , of the other atom located within a distance smaller than the so-called blockade radius R b is blockaded [29, 53] . This is due to the Rydberg interaction energy between the two atoms, which shifts the doubly-excited state of the two atoms |r, r off resonant. In other words, the blockade shift B is bigger than the linewidth of the coupling laser field, or in terms of Rabi frequency Ω,
where the power broadening of the two-level system is proportional to the Rabi frequency in the regime where the Rabi oscillation occurs on a time much shorter than the natural decay time [72] . As previously discussed, the Rydberg interaction scales as n 4 /R 3 in the dipoledipole interaction regime for R < R c , where R c is the crossover inter-atomic distance, and as n 11 /R 6 in the van der Waals interaction regime for R > R c . For Rydberg levels of n = 60 ∼ 80, the van der Waals interaction is relevant because R c varies within a few µm, which is sufficiently small compared to the experimental size of cold atom samples. Therefore, B C6 R 6 , and the blockade radius R b for the two-atom van der Waals interaction is given by
because the blockade shift B should suffice the condition B > Ω. In rubidium atoms, Rydberg levels of n = 80 provide a blockade shift of B/2π > 3 MHz at a blockade radius of R b = 10 µm, which distance is well within the controllable range of individual atoms, for example, by means of optical tweezing of an atom pair in a pair of tightly focused beams of a far-detuned laser. Experimental realizations of two-atom Rydberg blockade were performed both in the dipole-dipole interaction region for rubidium n = 90 at R > 10 µm [29] and in the van der Waals interaction region for n = 58 at R ∼ 3.6 µm [53] .
The dipole blockade at the Föster resonance has also been observed, and corresponds to the resonant dipoledipole energy transfer of the np+np → ns+(n + 1)s reaction [73] . In the experiment, the dipole-dipole interaction of atomic cesium in n=20 -25 was tuned on and off by using the Stark effect, and the excitation of a pair of atoms at the Föster resonance occurred as a result of an avoided crossing between the energy levels of the pair of np+np atoms and ns+(n + 1)s atoms.
In a two-dimensional or three-dimensional optical dipole trap array, on the other hand, many adjacent atom sites can be located within the blockade radius, and a simultaneous laser illumination on an ensemble of N atoms allows only one Rydberg atom to be excited inhibiting at the same time the rest of the atoms from being excited. Provided all the atoms are strongly interacting with each other, which atom is excited is completely undecided; hence, the excited state of the ensemble must be described by a coherent superposition state, |R , of all possible N particle states of a single excited atom and N − 1 atoms in the ground state in such a way that
where i is the index of the atom excited to the Rydberg level. In the given system described by an N -particle collective wave function, the single-atom excitation is N times more probable than it is in an isolated single-atom system, so the Rabi oscillation frequency between the ground state |g 1 , g 2 , · · · , g N and the excited collective N -particle state |R is given by
where Ω 1 is the corresponding single-atom Rabi oscillation frequency [28, 74] . Therefore, the Rabi frequency for the N -particle coherent excitation in the Rydberg dipole blockage regime is √ N times bigger than the single-atom Rabi oscillation frequency.
For a cold atom cloud of uniform density ρ, the number of strongly-interacting atoms is given by N ∼ ρR 3 b , and from Eqs. (10) and (12), the blockade radius is given by
for the van der Waals interaction, so the number of interacting atom scales in terms of the density as N ∼ ρ 5/4 , and the Rabi frequency Ω N ∼ ρ 5/8 . Likewise, for the 1/R 3 dipole-dipole interaction, the scaling of the N -[article Rabi oscillation frequency becomes Ω N ∼ ρ 1/3 [75] .
VII. RYDBERG ATOM QUANTUM COMPUTING
Quantum information processing requires quantummechanical ways of storing, processing, and retrieving information. When neutral atoms are considered to process quantum information, a quantum-mechanical bit, a so-called qubit, is often realized with two hyperfine ground-state energy levels labeled by |0 and |1 because they are stable and robust against environmental perturbations. Single qubit operations are relatively easy to implement by means of, for example, optical two-photon transitions that induce changes between any superposition states of |0 and |1 [76] . Nonetheless, together with the single-qubit operations, a two-qubit controlled NOT (C-NOT) gate operation is necessary to construct a minimal set of quantum operations sufficient to perform any arbitrary unitary operations; thereby, the C-NOT gate implementation is of great importance in realizing universal quantum computation [71] .
The C-NOT gate has two input qubits, known as the "control" qubit and the "target" qubit, respectively. The logical circuit representing the C-NOT is shown in Fig. 5(a) , where the top line represents the control qubit while the bottom represents the target qubit. The gate's operation depends on the state of the control qubit, and if the control qubit is 0, the target qubit is unchanged, but if the control qubit is 1, the target qubit is flipped between 0 and 1.
Rydberg atoms have drawn significant interest in quantum-information community as a good candidate for neutral-atom-based quantum information processing [28, 70] . The reason is simply that because of the Rydberg dipole blockade effects, two-qubit operations, such as the C-NOT gate, are easily realizable. The basic idea of the dipole blockade two-qubit gate is as follows: The first example is shown in Fig. 5(b) . We consider that two atoms are individually addressable by an optical field in the strong blockade regime (B Ω) and that the state |1 is coupled to the Rydberg state |r with excitation Rabi frequency Ω. Then, a sequence of three pulses (2,3,4) implements a two-qubit controlled-phase gate operation (C-PG), and in conjunction with this C-PG operation, when two Hadamard rotation operations (labeled by 1 and 5, both π/2 pulses) are applied on the qubit state of the target atom before and after the C-PG operation, respectively, the C-NOT gate is constructed [30] .
Besides the two Hadamard operations, the C-PG operates as follows: The second pulse (π-pulse) acts on the control atom |1 → |r , the second one (2π-pulse, 3) on the target atom, and the third one (π-pulse, 4) again on the control atom, where the excitation and de-excitation cycle of the target atom corresponds to a 2π rotation of an effective spin 1/2 and the wave function of the target atom undergoes a π phase rotation. Therefore, if the control atom is initially in |0 , the target atom picks up π phase shift. However, if it is in |1 , no phase shift is induced because in that case, the target atom never occupies the Rydberg state |r due to the dipole blockade.
Alternatively, a sequence of seven pulses in Fig. 5 (c) also implements the C-NOT gate. The conditional excitation (the first pulse) of the control atom to |r , depending on its initial state |0 or |1 , either implements or prevents the swap operation. The swap operation is implemented by the next five pulses (2-6) of the qubit state of the target atom. The last pulse conditional resets the control atom back to its initial state [77] . The experimental demonstration of the seven-pulse C-NOT gate operation was carried out by Isenhower et al. with a pair of rubidium atoms separated by 10 µm in far off resonance traps (FORTs) [52] . The hyperfine energy levels of |f = 1, m f = 0 and |f = 2, m f = 0 in the ground |5s 1/2 are the two-level qubit bases. When the atoms were then excited to n = 97 Rydberg states by two photon excitation via |5p 3/2 , the blockade shift was retained at B/2π = 9.3 MHz, which limited the double-excitation probability to Ω 2 /(2B) 2 < 2.6 × 10 −3 . In that case, the Rydberg excitation Rabi frequency was Ω/2π = 0.67 MHz. During the C-NOT gate operation time of 7 µs, a fidelity of F = 0.73 was achieved. The experimental scheme is illustrated in Fig. 1 .
More complex quantum gates can also be considered with Rydberg atoms. For example, the three-qubit Toffoli gate computes t → c 1 c 2 ⊕ t for a given set of two control bits c 1 and c 2 and a target bit t. Thus, the target bit t is switched between 0 and 1 if both the control bits c 1 and c 2 are in state 1, and if either one of the control bits is in state 0, the target bit is unchanged. This gate has been designed with seven laser pulses, all of which are π pulses, in a three-Rydberg-atom system [78] . In this scheme, the three atoms are excited in different Rydberg energy levels, which enables the design of a more complex set of three-qubit gate operations.
While the previous example dealt with a system of multiple control bits and a single target bit, the opposite case, i.e., a system of a single control bit and multiple target bits, also brings new applications of quantum information processing. In proposal termed as "mesoscopic Rydberg gates," a system in which a single atom (the control bit) is separated from and is singly addressable with respect to a mesoscopic ensemble of atoms (target bits) is considered [79] . The candidates for such a system include two-dipole-trap systems, large-spacing optical lattices, and magnetic trap arrays. We consider the system to be initially in the state |c ⊗ |t N , where the control bit |c is the superposition state of |0 and |1 , and |t N represents the mesoscopic state of the target ensemble of N atoms in state |t . Suppose now the C-NOT operation is applied with the sequence of laser interactions in Fig. 5(a) among the control and the target atoms, the Rydberg dipole blockade effect facilitates the C-NOT operation to all the target atoms simultaneously, which results in the output state becoming
When α = β = 1/ √ 2 and t = 0 are given, for instance, the result in Eq. (13) is the well-known Greenberger-Horne-Zeilinger state [80] , the maximallyentangled multi-partitite quantum state.
VIII. CONCLUSIONS
In conclusion, we have summarized the rapidlygrowing research field of cold Rydberg atoms. The special properties of Rydberg atoms, i.e., their extreme polarizability, long-range interaction, and long lifetime, have place them at the centers of highly-active research areas of modern atomic physics and quantum information science. During the last fifteen years, previously unknown types of novel matter, such as Rydberg molecules, cold neutral plasmas, and collective Rydberg matter, have been endlessly created one by one from vapors of cold Rydberg atom. Also, the atom-atom and atomphoton interactions in cold Rydberg atom systems have been successfully programmed to perform special functions in quantum-based technologies. The optical controllability of the Rydberg atom interaction may become ease and precise compared to the electric controllability of electron devices. We hope that various entrancing applications of Rydberg-atom-based quantum technology will be realized in the future.
